Induced seismicity around the Tous New Dam, located 45 km southwest of Valencia, Spain, is studied from a detailed analysis of seismic data from a 16-month period, starting in 1999 January, recorded by the Tous New Dam Seismic Network (TDSN), which comprises a threecomponent station located in the dam and six vertical-component outstations within 25 km of the dam. On the basis of the spatial 2D-3D and temporal distribution of this seismicity, we have found 24 microearthquakes, of magnitudes 0.4-3.8, most of which appear correlated in time and space with changes in the water level in the Tous New Dam reservoir. An initial group of earthquakes (all within 12 km or less of the reservoir) occurred over roughly 1 yr, starting in mid-1999 while the water level was at its maximum, continuing during draining in late 1999 and subsequent refilling in early 2000. Thereafter, seismicity was more widespread, reaching up to 40 km from the dam and with the greatest frequency of occurrence coinciding with the rapid draining of the reservoir in mid-2000. The few focal mechanisms able to be found are normal or strike-slip. In general, it is clear that a relationship exists between reservoir water level, which probably modifies the pre-existing tectonic stress field and pore fluid pressures, but no specific mechanism for the induced seismicity has yet been identified.
I N T RO D U C T I O N
Almost all studies of induced seismicity are consistent in their conclusions about the existence of earthquakes or microearthquakes located beneath the reservoir and at shallow depth, after the initial impoundment (Simpson et al. 1988) . Other authors recognize that as well as initial seismicity subsequent to impoundment, further induced earthquakes occur as a consequence of substantial water level changes or later filling above the previous high water level (Talwani 1997) . Reservoir filling is known to perturb the stress field and/or pore fluid pressure sufficiently to trigger earthquakes in the vicinity of reservoirs (Kafka & Driscoll 1999) .
C H A R A C T E R I S T I C S O F T H E T O U S N E W D A M A N D T H E T O U S N E W D A M S E I S M I C N E T W O R K
Unlike many other dams, the Tous New Dam was built on the Júcar (or Xuquer) River, between 1990 and 1996, on a site occupied by an earlier dam (early 1970s-1982) . The original Tous Dam suffered severe failure in 1982 October, produced by a major flood of 10 000 m 3 s −1 of water of the Júcar River. Serious, widespread damage to people and property was reported, and extensive flooding of agricultural land took place.
The new dam was designed to avoid flooding, guarantee a full water supply to the metropolitan area of Valencia, provide water for the Júcar-Turia River irrigation channel and irrigated lands in the La Ribera region, and produce hydroelectric energy through two power plants.
The Tous New Dam is located in the province of Valencia (eastern Spain), in the southeast Iberian Cordillera, near to the northern limit of the Betic Cordilleras (Fig. 1) . Neogene basins of unconsolidated rocks lie to the east of the dam, along the Mediterranean coast in the Valencia trough. The study area is in the eastern Iberian margin, which is characterized by the superposition of Cenozoic structural units developed on a Hercynian basement and a sedimentary cover made up of deposits ranging from Permian to Upper Oligocene. Details of geology can be found in Pomar et al. (1983) , Guimerà (1984) , Moissenet (1985) , Pierson d'Autrey (1987) , Ott d'Estevou et al. (1988) , Ramos-Guerrero et al. (1989) , Fontboté et al. (1990) , Guimerà & Alvaro (1990) and Gelabert et al. (1992) . or 700 Hm 3 . These and other characteristics are summarized in Table 1 .
The Tous New Dam Seismic Network (TDSN) was set up around the dam (Torcal & Serrano 1995) , to provide accurate, reliable data on earthquake parameters. One three-component digital station (VTOU), with continous analogue recording also, is located in the dam and the other six one-component digital stations are distributed around the dam site at a maximum distance of 25 km (Fig. 2) . This has enabled us to calculate epicentre-Tous New Dam distances for all microearthquakes recorded to date (Table 2) . Consequently, we are confident that all microseismic activity around the Tous Dam and reservoir during the study period (1999 January 1-2000 May 14) has been fully recorded. However, not all seismic events are recorded at every station. In many cases, fewer than three stations registered activity and the minimum number of records necessary to calculate an accurate location was set at three. Furthermore, during the study period, failures occurred in some stations, which prevented us from obtaining enough data to calculate an accurate location or accurate focal mechanisms for some of the microearthquakes. This study also includes data from seismic stations operated by the Instituto Geográfico Nacional (IGN; the institute that controls the main seismic network covering all Spain) nearest the Tous New Dam to complement TDSN data (Figs 3 and 4) .
The maps in Figs 2, 3 and 4, show the location of known quarries, many of which were active during the present study. We have recorded numerous blasts from these quarries, recognizable by specific characteristics (Reamer et al. 1992; Kitov et al. 1997 ) that have allowed us to distinguish them from natural microearthquakes. Typical records of a quarry blast and a microearthquake are shown in Fig. 5 .
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A month-by-month summary of the number and type of seismic events recorded appears in Table 3 . The majority of events Table 2 . Criteria used to classify seismic events according to their epicentral distance from VTOU seismic station, or the dam, their predominant frequency and the variability of the seismogram graph.
Criteria
Type of seismic event Local Near-regional Regional Teleseism (km) < 50 50 ≤ < 100 100 ≤ < 1000 > 1000
: epicentral distance (km). T S−P : P-S time separation (s). F: predominant frequency (Hz). Variability: variability of waveform between stations.
(49 per cent) are classified as noise. Explosions from nearby quarries account for 18 per cent of the total amount. Teleseisms represent some 15 per cent, regional seismic events 9 per cent, and near-regional seismic events 8 per cent. Local microearthquakes correspond to 1 per cent of events recorded.
Teleseismic recordings have been used to test the polarity of the seismic sensors. Some regional and near-regional earthquakes and microearthquakes were used to calculate a more specific, accurate crust model for the area (Torcal & Serrano 1999; Table 4 ). The lack of sufficient data to adjust a magnitude-scale law for this area obliged us to use duration magnitude M D scales from the two nearest seismic networks: (eq. 1) the Andalusian Seismic Network [Red Sísmica de Andalucía (RSA)] (De Miguel et al. 1988 ) and (eq. 2) the El Cabril Seismic Network (Bernal et al. 1992a,b) :
where t is total signal duration in seconds, following the conventional criterion of Real & Teng (1973) , and , is epicentral distance in kilometres.
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For local earthquakes and microearthquakes, epicentral distance is the only parameter we have been able to calculate directly and with some degree of confidence, from P-S wave arrival time differences (T S−P ) measured from analogue records. For those earthquakes where available data were not enough to calculate this directly, focal depth was inferred from that of the nearest, similar earthquakes. Thus, the 12.5 km depth assigned to some earthquakes is the mean value of a 10-15 km depth range but it could have been located at any depth within this range. The location parameters for earthquake number 6 were also allocated to earthquakes numbers 7, 8, 9 and 10, which all have the same T S−P parameter and similar waveform characteristics at all stations that detected them. (Figs 3 and  4) . Fig. 3 contains all data from 1993 to 1998, prior to the first impoundment after the construction of the new dam. Fig. 4 contains data from 1999 to 2001 May, the period covered by TDSN records. We have identified (Torcal 1999 (Torcal , 2000a ,e) a number of quarry blasts/explosions that were considered microearthquakes by the IGN. Specifically, some of the microearthquakes located throughout the northwestern zone (Figs 3 and 4) . Therefore, some microearthquakes reported by the IGN during 1993-1998 might in fact have been quarry blasts/explosions. However, we do not have enough information and criteria to resolve this issue definitively. Fig. 6 shows the geographic distribution of all earthquake epicentres recorded by the TDSN between 1999 January and 2000 May. The spatial distribution of seismicity enables us to distinguish six seismogenic zones (A-F) by clustering the earthquakes (Table 6) .
The 3-D hypocentral distribution of seismicity is shown in Figs 7, 8, 9 and 10. A nominal depth of 10.0 km has been assigned to earthquakes 13 and 14, whose location has been taken from IGN data. The depths of these earthquakes were not given nor could they be calculated. Given that earthquake 21 is the nearest to these and its depth is 10.6 km, it is reasonable to assume that all three earthquakes had a similar depth. It was not possible to calculate the depth for earthquake 5 and only its epicentral location is available. For the same reason, earthquakes 1 and 22 do not appear in the 3-D distribution maps. Hypocentres of earthquakes located with accuracy and certainty are displayed as filled circles (•). Hypocentres of earthquakes located with a lower degree of accuracy and certainty are displayed as open circles (•). We have divided the earthquakes into shallow (0-10 km depth), intermediate (10-15 km depth) and deep (≥15 km depth), although the terms are simply relative in the context of the study. 
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First, earthquakes 13, 14 and 21 are located in the Gulf of Valencia, just outside the area studied and in zone A. We infer that these earthquakes are not associated in any way with seismicity induced by the Tous Dam and reservoir because their epicentres are located some 50 km from the dam and some 5 km from the coastline beneath the Mediterranean sea, while the seismic activity induced by the impoundment of a reservoir is typically located within a 12-25 km radius of the dam (Simpson 1976; Zhang et al. 1997) . Furthermore, the IGN had previously located seismicity in this zone. All three earthquakes took place in the middle and towards the end of the period studied. Thus, we believe that they are not causally related to the Tous New Dam and reservoir.
Excluding earthquake 4, located 38.7 km SSE of the Tous New Dam and probably a natural tectonic earthquake, all other earthquakes analysed to date are located within a 25 km radius of the dam. This coincides with the majority of observations from other dams worldwide, such as the Shenwo Dam (China), which has a reservoir of maximum height 97.4 m where most induced earthquake epicentres were concentrated in a small area within some 12 km of the dam (Zhang et al. 1997) . In the Maharashtra region of India, most earthquakes associated with the Dhamni Dam were within some 10 km of the reservoir (Rastogi et al. 1997) . Simpson (1976) reports that epicentres in most cases of reservoir-induced seismicity have occurred within 25 km of the reservoir area. All of this strongly suggests that, in our case, seismic activity is closely related to reservoir impoundment.
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It is very important to remember that the period covered by the present study starts from the building of the Tous New Dam. Another dam stood on the same site between the 1970s and 1982, so this is not an example of initial reservoir impoundment. Worldwide, many cases of induced seismicity starting after first impoundment are known. Nevertheless there are other dams where a notable time has elapsed between first impoundment and the start of recorded seismicity: for example Oroville (USA), Aswan (Egypt) and Koyna (India; Simpson et al. 1988) .
Considering both the evolution of the water level of the reservoir and the occurrence of the seismicity, three periods (initial impoundment-draining cycle, second impoundment and second draining, respectively) in the evolution of the induced seismicity of the Tous New Dam and reservoir can be distinguished (Fig. 11) . Earthquakes are shown as bars, located on the days when they occurred. Each bar is labelled with the number of earthquakes occurring that day. In periods (1) and (2), the earthquakes were in zones E and F as defined above. From 2000 March to 2000 May, period (3), seismicity was more widespread (between 9 and 23 km from the dam). Only a few focal mechanism solutions are available and only in a few cases has it been possible to match computed mechanisms to the predominant, known fault systems within the epicentral zone. Thus, some earthquakes could have originated in faults that were not conspicuous at the surface and whose characteristics are unknown. Of the focal mechanisms currently available (Table 7) , most are normal faulting events and some show a strike-slip characteristic. Hence, we conclude that maximum principal stress is vertical and maximum horizontal principal stress is subequal to vertical stress (Cornet et al. 1997) . Zones with induced seismicity are not zones of high fluid flow but, rather, zones of high fluid pressure (Cornet & Yin 1995) . In order to offer some speculation on the causative mechanisms of the microearthquakes, it is very important to correlate changes in reservoir water level, reservoir volume and the occurrence of induced seismic activity (Gupta 1992; Talwani 1997) .
The initial cause of seismicity might have been the rapid increase in reservoir lake level during the last months of 1998 and the first half of 1999. It appears that the dam and reservoir may have passed through an initial phase of induced seismicity caused mainly by perturbation of the stress field and rapid increases in elastic stress (Simpson et al. 1988 ) as a result of reservoir water load. Also prominent is the important influence of the rapid draining of the Tous reservoir during the summer of 1999. Presumably, the considerable increase in induced seismic activity was caused by the very rapid decrease in load stress.
Induced seismic activity recorded during 2000 seems more closely related to the filling of the reservoir and its influence appears to have reached a distance of 9-23 km from the dam. This may be a result of diffusion of the pressure wave caused by the water load, leading to an increase in pore fluid pressure and consequent decrease in friction across pre-existing faults and cracks. 
C O N C L U S I O N S
The TDSN, including six outstations and a central station located inside the dam, has been operational since 1999 January. This has provided us with a catalogue index of all events within a 50 km radius of the dam. We recorded 27 microearthquakes in the area prior to 2000 May. On the basis of the spatial 2D-3D and temporal distribution of this seismicity, we conclude with some certainty that 24 of the earthquakes-microearthquakes registered by the TDSN might have been induced by the Tous reservoir. In addition to the geographical proximity of the epicentres to the Tous New Dam and reservoir, there are correlations between substantial changes (in water level) and rapid changes (in time) in the reservoir conditions and seismic activity.
The first induced microearthquakes correlate to the increase in load as a result of the rapid increase in reservoir water level, probably modifying the pre-existing tectonic stress field. Some months later, it seems clear that reservoir unloading produced by rapid , 44, 45, 46, 50, 55, 56, 57, 63, 74 and 82 draining during the summer correlates to the considerable increase in induced seismic activity, probably as a consequence of the very rapid decrease in load stress. Later, induced seismic activity seems to be more closely related to the the refilling of the reservoir, reaching a radius of influence between 9 and 23 km from the dam. It is difficult to predict the possible duration of induced seismicity around the Tous New Dam and reservoir. Seismicity reported here appears to be in an initial phase. Observations at other sites and dams show that the duration of seismic activity after the main earthquake can be considerable, extending over some 10 yr (Zhang et al. 1997) . Furthermore, protracted seismicity can appear as late as three decades after initial reservoir impoundment. Finally, we concur with Kafka & Driscoll (1999) in suggesting that continued instrumental monitoring in the TDSN is necessary and might yield data necessary to unravel the pattern of earthquake activity in the area and discern the relationship between that seismicity and the bedrock geology and/or reservoir water level.
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N O T E A D D E D I N P RO O F
While this article was being revised, more data have been analysed (Torcal 2003) . The data set now extends to 2002 December. As a result we have been able to update the following tables and figures. In conclusion, we can say earthquakes appear to occur mainly after periods of a rapid decrease in lake level, and to a lesser extent at the end of the periods of a rapid increase in lake level of the Tous New Dam. So, it seems this seismicity is closely associated with the periods of filling and draining of the reservoir, and can be considered as seismicity induced by changes in the lake level of the Tous New Dam. Bernal, A., López de Alda, F.J., Torcal, F. & Serrano, I., 1992a 
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